Located near the south-eastern limit of Africa, the Lesotho-Drakensberg and associated escarpment is the highest range of African mountains south of the massifs in Tanzania. At the escarpment summit and on the adjacent high peaks, the climate is generally interpreted as marginal periglacial yet few data, specifically rainfall and temperature, exist on record at these altitudes. Climatic data from two temporary field stations on the escarpment edge, one of which is the highest rainfall station yet on record in southern Africa, provide contemporary surface-climate conditions. Mean annual rainfall recorded between 2001 and 2005 averages 767.8 mm at Sani Pass summit (three complete years), and 753.2 mm on Sentinel Peak (two complete years); these values are less than those recorded for the same period in the mountain foothills. Even though rainfall is slightly below long-term rainfall averages for the area due to a marginally dry spell, the data show that earlier estimates of between 1000 mm and 2000 mm rainfall per annum on the escarpment are too high. A measured mean air temperature of 5.8°C at Sani Pass, however, falls within the range estimated for the escarpment summit. Frost cycles in air and at the soil surface are frequent in winter, but absent in soil for summer, and no long-duration surface-soil freeze was measured. Temperatures thus confirm the marginal periglacial nature as postulated for previously, but precipitation data indicate a dryer environment than anticipated. Palaeoenvironmental scenarios, notably arguments for former glaciation based on extrapolations from somewhat exaggerated contemporary precipitation values, thus require re-consideration.
Introduction
The Drakensberg-Lesotho range is a part of the main escarpment of southern Africa and has the highest mountains in Africa south of Tanzania's Mount Kilimanjaro. The escarpment typically reaches altitudes above 2800 m on the border between the South African province of KwaZulu-Natal and the Kingdom of Lesotho. Here, frost action and associated microforms classify the area as marginal or sub-periglacial (Boelhouwers 1994) . Set slightly back from the escarpment within Lesotho, the highest point, Thabana Ntlenyana, measures 3482 m a.s.l. while foothills to the east in Kwa-Zulu-Natal fall rapidly to below 1500 m a.s.l. beneath the escarpment. Recently declared a Trans-Frontier National Park, the area is a popular tourist destination and has been declared a World Heritage Site; it houses unique flora and fauna and as a watershed is a vital natural water source with catchment drainage to the east coast and back into the interior via Lesotho. Given the altitudes attained, the persistence of soil frost action in winter and the palaeoenvironmental signatures found from former cold periods (see Boelhouwers and Meiklejohn 2002) , the setting is unique in Africa south of the equatorial region.
Two inter-basin transfer schemes, the Tugela-Vaal (TUVA) transfer tunnel and the international Lesotho Highlands Water Project (LHWP), have their upper catchments in the mountains and feed the dryer interior of South Africa. The major source of rainfall is from large-scale line thunderstorms and orographically induced storms in the summer (Tyson et al. 1976 ) while mid-latitude cold fronts affect KwaZulu-Natal annually, mainly during winter, bringing some precipitation. In the Drakensberg foothills, summer rainfall from November to March, accounts for 75% of the annual rainfall whilst the winter from May to August accounts for less than 10% . The El Niño/Southern Oscillation influences the summer rainfall variability of the KwaZulu-Natal Drakensberg with a statistically significant correlation existing between summer rainfall in the Drakensberg and the contemporaneous as well as the lagged Southern Oscillation Index (W. Nel, unpublished data) . Snowfalls occur on average eight times a year (Tyson et al. 1976) , predominantly in the summit region, although the frequency could be underestimated since localized snowfalls are not taken into account (Boelhouwers and Meiklejohn 2002) . Heavy snowfalls in the high altitude areas can remain for several weeks on the ground (Hanvey and Marker 1992) and recent observationsby the authors on the escarpment suggest a waterequivalent of less than 100 mm p.a. (Nel and Sumner 2005) , but the contribution of snow to the water budget remains largely unknown.
Notwithstanding the State, public and scientific interest in the area, a paucity of rainfall and temperature data, especially at high altitude, exists. Temperatures in headwater catchments at and above the escarpment are derived either as extrapolations from lower altitudes below the escarpmentor from relatively short-duration field monitoring. Above 2600 m a.s.l. the environmental lapse rate is estimated to be between 2.6°C/km and 3.0°C/km (Grab 1997a) and mean annual air temperature (MAAT) above 2800 m is assumed to be in the region of 3°C to 7°C (Boelhouwers 1994; Grab 1997b Grab , 2002 . During winter the soil is disrupted by frost action (Boelhouwers and Meiklejohn 2002) , the general intensity and penetration of which are uncertain , but appear limited to the upper 15 cm of soil. Given the marginal frost activity, the effect of climate warming on frost-related processes is unknown. Some contemporary ground surface temperature data and observations on freezing depths on the high points of the escarpment region have been recorded, but these are limited to two sites (Grab 1997a; over single winters. Significantly though, while the estimated MAAT range appears small, departures from these current values are often cited when substantiating palaeoclimates, particularly when debating conditions around the Last Glacial Maximum(see Boelhouwers and Meiklejohn 2002) . Scenarios such as the presence or absence of permafrost become borderline when estimated temperature depressions are 5 to 6°C from current MAAT values (e.g. Grab 2002; .
In addition to the paucity of temperature records, there are no contemporary rainfall values published from these altitudes. This is particularly remarkable given that the central and northern Drakensberg and adjacent Lesotho upper catchments feed two major basin transfer systems. Several rainfall measurements do, however, exist from the early and mid-1900s. Killick (1978) documents the mean annual precipitation (MAP) for Sani Pass (2865 m a.s.l.) on the southern Drakensberg escarpment as 995.8 mm based on data from the 1930s and also cites a MAP of 1609 mm on the escarpment in the central Drakensberg at an unknown station at the summit of Organ Pipes Pass (2927 m a.s.l.). Carter (1967) , in an assessment of the rainfall of Lesotho, published data from a station N situated approximately 1.8 km west of the escarpment at an altitude of 3121 m a.s.l. Mean annual precipitation for this site was 1068 mm based on five years in the early 1960s. Schulze (1979) published data from Sani Pass and Cleft Peak, situated on the escarpment edge at 2880 m a.s.l., where rainfall was ecorded for an unspecified short duration, and the monthly data synthesized to 21 years. Mean annual precipitation from both stations is unknown but by extrapolation from lower altitude it is estimated that 250 mm of rain falls in January and annual rainfall exceeds 1800 mm (Schulze 1979) , possibly even 2000 mm p.a. (Tyson et al. 1976 ).
According to values available in the literature, precipitation on the escarpment could range from less than 1000 mm p.a. to in excess of 2000 mm p.a. Many contemporary authors cite MAP well exceeding 1000 mm p.a when considering the area above the escarpment, especially when extrapolating for palaeoclimates using departures from current values (Boelhouwers 1988; Grab 1994 Grab , 1996 . In particular the high values (MAP exceeding 1500 mm p.a.) are cited in favour of former glaciation (Grab 2002; Mills and Grab 2005) when precipitation for the region was considered to be 70% of current values (Partridge 1997 ) but would then still support snow accumulation. Alternatively, dryer conditions would favour periglaciation at high altitude (see Boelhouwers and Meiklejohn 2002; Sumner 2004) . The debate, highlighted by Boelhouwers and Meiklejohn (2002) , remains unresolved but to a large extent could be solved by current records upon which to base extrapolations. This study provides climatic data obtained since 2001 from two temporary field stations on the escarpment edge, one of which is the highest station yet on record in southern Africa. Although some data are missing in the continuum, the records provide the most recent surface-climate conditions at escarpment altitudes. 
Study sites and methodology
This study focuses on rainfall, air temperature and soil temperature measurements recorded at two field stations. Climatic measurements on the escarpment are notably difficult due in part to inaccessibility but mainly because of equipment theft. Only one vehicle route climbs the escarpment in KwaZulu-Natal. Sani Pass is located in the southern Drakensberg, and a station was installed at the top of the pass on the escarpment edge adjacent to the tourist complex (29.57° S, 29.27° E, 2850 m a.s.l.) (Fig. 1) . The second station was sited in the northern Drakensberg on the freestanding Sentinel Peak (28.74º S, 28.89º E) and is the highest point where climatic attributes have been measured in southern Africa (3165 m) (Fig. 1) . Although someof the early rainfall data were presented from the two sites (Nel and Sumner 2005) , longer rainfall records and temperature data from the stations are presented here. (Table 1) . Rainfall records recorded by the D-MCS are deemed comparable against manual recording rain-gauges used by the SAWS (Nel and Sumner 2005) . Air and soil temperatures were measured at both sites using an MC Systems two-channel logger. The air temperature sensor comprises of a 5 mm diameter thermocouple cased in stainless steel, while the soil temperature sensor, which was on acable extension, comprises a similar thermocouple but with a resin tip. At Sani Pass the air temperature sensor was placed in a Stevenson Screen and the soil temperature sensor inserted into a loamy soilsurface at 2.5 cm depth between grass tussocks. At Sentinel Peak air temperature was recorded at 1 m height in a radiation screen and the soil sensor was inserted into coarse gravel, with vegetation-free surface at 2.5 cm depth. (Table 2) .
Rainfall intensity and rain days
A rain day is defined as one on which at least 0.5 mm of rainfall is measured (Schulze 1979 (Table 3) . Monthly rain days also vary considerably, with the summer months (January, February, March, November and December) contributing between 58 and 73% of the annual total measured at Sani Pass. At the Sentinel the number of rain days measured during summer constitutes between 60 and 76% of the annual total.
Rainfall is the key process in water erosion through the detachment of soil particles and creation of surface runoff (Moore 1979 ) and in turn is related to the intensity at which this rain falls (Van Dijk et al. 2002) . At both escarpment sites, five minute intensities (I5) were analysed and the number of occurrences of I5 more than the thresholds of 15 mm/h, 30 mm/h and 50 mm/h were compared. Sani Pass recorded 142 occurrences of I5 more than 15 mm/h, 39 occurrences of I5 more than 30 mm/h and 13 occurrences of I5 more than 50 mm/h. In comparison, Sentinel Peak recorded 100 occurrences of I5 more than 15 mm/h, 19 of more than 30 mm/h and only 2 occurrences of I5 more than 50 mm/h. The monthly distribution of high intensity events was also analysed (Fig. 2) and the highest number of occurrences of 5-min rainfall intensity above 15 mm/h and 30 mm/h were measured in January at Sentinel Peak. At Sani Pass the most occurrences of I5 above 15 mm/h and 30 mm/ h were measured in December and March.
Total hourly rainfall as a percentage of total rainfall was considered. At Sani Pass nearly 10% of the total rainfall measured falls between 19h00 and 20h00, and 60% of all rainfall is measured between 13h00 and 21h00 ( Fig. 3) . At Sentinel Peak approximately 7% of total rainfall was measured between 16h00 and 17h00 and between 21h00 and 22h00, and approximately 61% between 13h00 and 23h00 (Fig. 3 ). Screened mean air temperature over this period was 5.8°C and mean soil surface temperature 8.5°C. As expected, the numbers of freezing cycles and freezing days, where mean temperatures remain below zero, are dominant in the winter periods.
Air and soil temperatures
Minimum and maximum soil temperatures were consistently higher than the corresponding air temperatures in both winter and summer (Table 4 ). The minimum air temperature was -11.3°C recorded on 29 July 2004. In 2003, the winter minimum was similar at -11.0°C on both mornings of 5 and 6 August. In contrast, soil surface temperatures only reached -3.0°C and -2.1°C minima in the respective winters. Diurnal freezing cycles were, however, frequent in winter, and the longest period of continuous soil freeze recorded was only four days. Table 5 . At Sani Pass, mean air and soil temperatures for this period were 9.7°C and 14.1°C, and at Sentinel Peak 9.3°C and 13.2°C respectively. Daily minima and maxima were considered (Table 5 , Fig. 4) ; the mean daily minimum air temperature recorded at Sani Pass for this period was 4.8°C, mean daily maximum air temperature was 14.6°C, and absolute minimum and maximum were -1.6°C and 20.8°C. Mean daily minimum and maximum air temperatures recorded at Sentinel Peak for the same period were 5.9°C and 13.5°C and absolute minimum and maximum were 2°C and 18.8°C. Mean daily minimum soil temperature for this period recorded at Sani Pass was 10.1°C, and mean daily maximum air temperature was 18.9°C. Absolute minimum and maximum soil temperatures measured at Sani were 6.9°C and 24.3°C. Mean daily minimum and maximum soil temperatures during the same period at Sentinel Peak were 6.1°C and 24.3°C, and absolute minimum and maximum soil temperatures were 1.3°C and 38.5°C respectively (Table 5) .
Discussion
Rainfall totals from the two stations were considerably less than expected in comparison to earlier literature. Although the measured totals from the 1930s show a MAP slightly below 1000 mm (Killick 1978) , all other measurements and extrapolations far exceed the totals measured here. are thus probably slightly below longterm rainfall averages for the sites. Nonetheless, averages remain substantially less than anticipated. Either rainfall has been severely overestimated in the past or the sensitivity to dry and wet periods is far greater at higher altitudes. It is worth noting that the 1970s, a period where several of the estimates for rainfall were made (Tyson et al. 1976; Schulze 1979) , was a wetter period in southern Africa (Tyson and Preston-Whyte 2000) . Longer-term records may provide a solution but, given the data provided here, it is apparent that rainfall on the escarpment area may have been overestimated in the past. Extrapolation towards palaeoprecipitation scenarios using values exceeding 1000 mm p.a. should thus be made with caution.
Fig. 5. Correlation between monthly rainfall and rain days for (a) Sani Pass and (b) Sentinel Peak
With respect to rain days, in both the southern and northern Drakensberg the number of rain days increased slightly with altitude (Nel and Sumner 2005) and the number of rain days measured each month at the two stations is strongly correlated with the respective monthly rainfall and the linear relationship is statistically significant at P< 0.001 (Fig. 5) . As expected, an increase in measured monthly rainfall signifies an increase in the number of rain days for that particular month. Schulze (1979, Fig. 4.11, p. 66) estimates that the Drakensberg escarpment receives approximately 125 rain days a year. Rain days measured here indicate that the southern Drakensberg receives more than the estimate, and the north fewer rain days, but as a regional figure for the whole escarpment edge 125 rain days appears to be a good approximation. Even though the correlation coefficients between monthly rainfall and rain days measured at the two stations are similar, differences in the amount of rainfall and the number of rain days that exist between the two stations are considered further. At Sani Pass the amount of rainfall measured in 2002 is 742 mm and it was recorded in 141 days, representing a mean of 5.3 mm per rain day. At Sentinel Peak in 2005 the same amount of rainfall (741.6 mm) only fell in 93 days, which gives 7.8 mm per rain day. For the same year (2005) Sani Pass received 6.1 mm per rain day in 141 days. Based on these data it thus seems that on the northern Drakensberg escarpment fewer rain days can be expected.
With respect to erosive events, in the southern Drakensberg the monthly distribution of high intensity 5-min rainfall is more complex than in the north, with the most occurrences easured during December and March. Most rainfall events in the high Drakensberg occur in the late afternoon/early evening, with Sani Pass and the Sentinel showing 40.1% and 30.8% of total rainfall measured between the hours of 15h00 and 20h00 respectively. This is an indication of convective precipitation when sufficient cooling has occurred for condensation and cloud formation. This correlates well with Tyson et al. (1976) who suggest that the major source of rainfall is from large-scale line thunderstorms and orographically induced storms, and Schulze (1965) who indicates that thunderstorms in the Drakensberg occur in mid-to late afternoon.
Temperature records from Sani Pass proved to be intermittent and highlight the problems associated with attempts at monitoring along the escarpment edge. Only one complete annual cycle of records was made, in 2004, but several summer and winter periods are on record. In that year the mean air temperature of 5.8°C falls within the range estimated for above the escarpment (see Boelhouwers 1994) , but is somewhat higher than the 3°C to 4°C MAAT postulated by, for example, Grab (1994 Grab ( , 1997b on the plateau peaks immediately behind the escarpment. As expected, frost cycles in air and soil surface are frequent in winter, but absent in soil for summer, although a few are recorded in air in summer. In general the soil temperatures are higher than air temperature and thus air temperature cannot be realistically used as a surrogate to analyse soil frost phenomena. Even though the minimum soil temperatures measured at Sani Pass were -2.1°C and -3°C for the winters of 2003 and 2004 respectively, no long-duration, or seasonal, freeze was found for the soil surface in either of the winters on record. In contrast, a seasonal freeze of 56 days was found at 2 cm depth at 3200 m, some 300 m higher in altitude near Thabana Ntlenyana to the north of Sani Pass, with a winter minimum of -4.5°C reached . Although the records represent separate winters, the difference may highlight the role of increasing altitude above the escarpment in depressing soil temperatures. At lower altitudes, few recent soil-air temperature data sets exist for comparison with the data provided here. In the Central Drakensberg at 1920 m a.s.l. Sumner and Nel (2006) recorded air and soil surface minimum temperatures of -3.3°C and 0.6°C, and mean air and soil temperatures of 4.3°C and 4.2°C respectively over the winter of 2001. During the winters of 2003 and 2004, mean air and soil temperatures recorded at Sani Pass were -2.9°C and 1.5°C, and -2.1°C and 0.7°C respectively. Based somewhat speculatively on these data, it seems that air temperature decreases more rapidly than soil temperature with altitude, thus highlighting the difficulty in extrapolating soil conditions through air temperatures.
Comparing air and soil temperature data at the two escarpment sites it is clear that differences exist with regards to minimum and maximum soil temperatures. As noted above, the soil temperature sensor at Sani Pass was inserted into a loamy soil surface between grass tussocks, and at Sentinel Peak the sensor was inserted into a dark coarse gravel surface with no vegetation cover. Even though mean daily soil temperatures for the period are similar, differences in absolute minimum and maximum soil temperatures, as well as the temperature range between Sentinel Peak and Sani Pass, appear related to the type or texture of soil and differences in vegetation cover. At Sani Pass, where the sensor was in soil with vegetation cover, the range between minimum and maximum temperature and the rate of temperature change is less than in the coarse Sentinel material, which has a larger temperature range, a faster rate of temperature change and reaches higher and lower maximum and minimum temperatures (Table 5) . Sumner and Nel (2006) also highlight the role of vegetation cover as an inhibitor to soil frost. Given the changes anticipated with climatic change (e.g. Rautenbach et al. 2005) or associated with intensified land use, the role of vegetation may be even more significant in inhibiting soil movement or degradation associated with frost action (see Boelhouwers and Meiklejohn 2002) than previously considered.
Summary
Weather station data from two sites on the Drakensberg-Lesotho escarpment provide new contemporary surface-climatic data from this unique setting in Africa. Rainfall, collected over a four-year period, shows lower totals than equivalent sites below the escarpment. Comparing mean annual rainfall totals from established stations in the foothills since 1970, the period 2002 to 2005 was slightly dryer than normal. Even though wind catch deficiency may exist to some extent (Nel and Sumner 2005) and the rainfall measured at the top of Sani Pass and Sentinel Peak is probably slightly below long-term rainfall averages for the sites, the data suggest that earlier estimates for total annual rainfall between 1800 mm and 2000 mm at the escarpment appear to be too high. Linked to this, the data thus also signify that it is unlikely an increase in rainfall with altitude exists all the way up to the escarpment (e.g. Tyson et al. 1976; Schulze 1979 ).
The mean air temperature measured at Sani Pass falls within the range estimated for the escarpment, but is somewhat higher than the 3°C to 4°C MAAT postulated for the plateau peaks immediately behind the escarpment (Grab 1994 (Grab , 1997b . Frost cycles in air and soil surface are frequent in winter, but absent in soil for summer, although a few are recorded in air in summer. No long-duration or seasonal freeze was found for the soil surface, and in general the soil temperatures are higher than air tempertaures and thus air temperature cannot be realistically used as a surrogate to study soil frost. Comparing across the escarpment, no difference exists with regards to mean air and soil temperatures at the two stations, although temperature range differences appear related to the soil characteristics and vegetation cover. Rainfall totals are similar, but the amount of rainfall measured on each rain day is found to be proportionately more in the north than in the south. When comparing temperature data with those at slightly higher and lower altitudes it appears that air temperature decreases more rapidly with altitude than soil temperature. A strong decline in soil temperature may exist behind the escarpment onto the highest peaks but more field data are required to verify this.
Temperature findings, although limited in duration, support the classification of the Drakensberg-Lesotho summit area as currently marginal periglacial. Effects of global warming and land-use change, such as increased grazing, on frost action and land degradation (Boelhowers and Meiklejohn 2002) still require further exploration, but indications are that soil frost would be enhanced under a declining grass cover (see Sumner and Nel 2006) . The dryer than anticipated current environment above the escarpment questions the accuracy of relief-based models from which former rainfall totals were generated. In addition, palaeoenvironmental extrapolation based on inflated current values, such as used in support of former glaciation, requires reconsideration.
